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(57) ABSTRACT

An apparatus, system, and method for spectrally dense comb-
like filters fashioned with thick-guided-mode resonant grat-
ings. A guided-mode resonance (GMR) filter has a film hav-
ing a thickness many times larger than a wavelength of
operation and the film has a first surface and a second surface
opposite to the first surface. The GMR filter further has a
periodic pattern on the first surface of the film and an antire-
flection layer on the second surface of the film.
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SPECTRALLY DENSE COMB-LIKE FILTERS
FASHIONED WITH THICK-GUIDED-MODE
RESONANT GRATINGS

PRIORITY

This application claims priority to U.S. Provisional Patent
Application 61/680,953 entitled “Spectrally Dense Comb-
Like Filters Fashioned With Thick-Guided-Mode Resonant
Gratings,” and filed on Aug. 8, 2012, the entire contents of
which are incorporated herein by reference without dis-
claimer.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH

This invention was made with government support under
Agreement Number FA9550-10-1-0543 awarded by the
United States Air Force Office of Scientific Research. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains to a new class of optical devices
based on resonant leaky modes in periodically modulated
structures. It is based on dielectric and semiconductor struc-
tures that are relatively thick, which can support a large num-
ber of quasi-guided or leaky, resonant modes. Embodiments
disclosed herein include filters with comb-like spectral char-
acteristics with a large number of spectral resonance peaks
that may be useful in applications such as telecommunica-
tions.

2. Description of the Related Art

There is increasing worldwide interest in guided-mode
resonance (GMR) effects that originate in quasi-guided, or
leaky, waveguide modes induced on patterned films with
subwavelength periods. Nanopatterned resonant elements
yield versatile spectra with a rich variety of possible surface-
localized photonic states. It has been shown that a single
periodic resonance layer with one-dimensional (1D) period-
icity enables narrow-line bandpass and bandstop filters,
polarizers, reflectors, and polarization-independent ele-
ments. Numerous applications including laser mirrors, ultra-
sensitive biosensors, absorption enhancement in solar cells,
security devices, tunable filters, nanoelectromechanical dis-
play pixels, leaky-mode nanoplasmonics, and others have
been suggested. In this application, we present resonant mode
multiline comb-like filters and numerical results indicating
the effectiveness and potential use of such filters.

Much past research on GMR devices has focused on thin
periodic layers supporting only a single leaky mode and asso-
ciated resonance within a specified spectral band. In contrast,
Liu and Magnusson explored properties of multiorder multi-
mode GMR elements to design wideband and multiwave-
length filters. Subsequently, Boonruang et al. designed mul-
tiline GMR filters using two-dimensional (2D) grating
structures with rectangular and hexagonal grids. They imple-
mented spectral location control by inducing leaky modes
into specific directions on these grids. Greenwell et al.
designed 1D multiwavelength GMR filters based on multi-
mode waveguides with particular emphasis on resonance
separation control.

SUMMARY OF THE INVENTION

A guided-mode resonance (GMR) filter is presented. The
GMR filter may include a film having a thickness many times
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2

larger than a wavelength of operation and the film may have
a first surface and a second surface opposite to the first sur-
face. The GMR filter may have a periodic pattern on the first
surface of the film and an antireflection layer on the second
surface of the film.

Insome embodiments, the wavelength of operation is in the
telecommunications C band. In some embodiments, the
thickness of the film may be between about 5 pm and 1500
um. In some embodiments, the thickness of the film may be
between about 100 um and 500 um.

In some embodiments, the periodic pattern may have a
period sufficiently small such that diffraction orders outside
the device are cut off. Furthermore, in some embodiments, the
filter may be configured to reflect light as a comb-like filter. In
some embodiments, the comb-like filter may be configured to
be fitted to an ITU grid.

In some embodiments, the periodic pattern is in an antire-
flective layer coupled to the film. In some embodiments, the
periodic pattern may be inscribed in the film. In some
embodiments, the filter may also include a second periodic
layer on the second surface of the film. In some embodiments,
the periodic pattern may be orthogonal to the second periodic
layer. In addition, in some embodiments, the periodic pattern
may exhibit one-dimensional periodicity or two-dimensional
periodicity. Furthermore, the periodic layer may have a pro-
file selected from a group consisting of a binary profile,
rectangular profile, trapezoidal profile, sinusoidal profile, tri-
angular profile, and combinations thereof.

In some embodiments, the film may include a dielectric. In
some embodiments, the film may include a semiconductor.

A method for filtering light is also presented. The method
in the disclosed embodiments substantially includes the steps
necessary to carry out the functions presented above with
respect to the operation of the described apparatus and sys-
tem. In some embodiments, the method may include receiv-
ing, at a first surface of a guided-mode resonant filter, incident
light. The method may also include causing the incident light
to be filtered in a periodic comb-like fashion.

A method for making a guided mode resonant filter is also
presented. In some embodiments, the method includes pro-
viding a film having a thickness many times larger than a
wavelength of operation. In some embodiments, the film may
be a semiconductor, such as a silicon wafer. The film may
have a first surface and a second surface opposite to the first
surface. In some embodiments, the method may include dis-
posing a periodic pattern on the first surface of the film.
Disposing the periodic pattern may be performed by etching,
orinscribing, the periodic layer into the film. In some embodi-
ments, the method may include disposing an antireflection
layer on the second surface of the film. Disposing the antire-
flection layer onto the second surface of the film may be
accomplished by standard thin-film deposition processes.

The term “coupled” is defined as connected, although not
necessarily directly, and not necessarily mechanically.

The terms “a” and “an” are defined as one or more unless
this disclosure explicitly requires otherwise.

The term “substantially” and its variations are defined as
being largely but not necessarily wholly what is specified as
understood by one of ordinary skill in the art, and in one
non-limiting embodiment “substantially” refers to ranges
within 10%, preferably within 5%, more preferably within
1%, and most preferably within 0.5% of what is specified.

The terms “comprise” (and any form of comprise, such as
“comprises” and “comprising”), “have” (and any form of
have, such as “has” and “having”), “include” (and any form of
include, such as “includes” and “including”) and “contain”
(and any form of contain, such as “contains” and “contain-
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ing”) are open-ended linking verbs. As a result, a method or
device that “comprises,” “has,” “includes” or “contains” one
or more steps or elements possesses those one or more steps
or elements, but is not limited to possessing only those one or
more elements. Likewise, a step of a method or an element of
adevice that “comprises,” “has,” “includes” or “contains™ one
or more features possesses those one or more features, but is
not limited to possessing only those one or more features.
Furthermore, a device or structure that is configured in a
certain way is configured in at least that way, but may also be
configured in ways that are not listed.

Other features and associated advantages will become
apparent with reference to the following detailed description
of specific embodiments in connection with the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifica-
tion and are included to further demonstrate certain aspects of
the present invention. The invention may be better understood
by reference to one or more of these drawings in combination
with the detailed description of specific embodiments pre-
sented herein.

FIG. 1 is amodel of a guided-mode resonant grating denot-
ing thicknesses (d) of the layers and refractive indices (n) of
the various regions as well as the period (A) and fill factor (F)
of'the grating. In particular, we consider a thick dielectric slab
with a periodic boundary illuminated at normal incidence as
shown. The period is sufficiently small such that only the
zero-order transmitted (T,) and reflected (R,,) waves propa-
gate. An antireflection (AR) layer is placed on the bottom
surface.

FIG. 2 is the calculated spectral response of the designed
GMR filter for TE-polarized incident light. Parameters:
d,=500 nm, d=100 um, d ;z=0, n=2.5 n,=1.00, n,=1.00; grat-
ing period A=800 nm; fill factor F=0.5.

FIG. 3 is the calculated reflectance spectrum with an added
quarter-wave AR layer with d z=245 nm and n,=1.581.
Other parameters are the same as in FIG. 2.

FIG. 4 is the same as FIG. 3 but with A=1050 nm.

FIG. 5A is the same as FIG. 4 but with d=500 um. FI1G. 5B
is the spectrum of a comparable Fabry-Perot slab that is 500
um thick with n=2.5 under normal incidence.

FIG. 6 is the same as FIG. 3 but with A=1250 nm thus
admitting the m==2 diffraction orders.

FIGS. 7A-B show the Particle Swarm Optimization
(“PSO”) results to match a part of the ITU grid. FIG. 7A
shows the dielectric structure with design parameters. FIG.
7B shows a GMR comb-like reflectance spectrum and ITU
wavelengths denoted by a vertical dashed line.

FIGS. 8 A-8B show PSO simulation results to match a part
of'the ITU grid. FIG. 8A shows the semiconductor (silicon)
structure with design parameters used. FIG. 8B shows the
GMR comb-like reflectance spectrum and ITU wavelengths
denoted by a vertical dashed line.

FIG. 9A shows the silicon structure and design parameters
for a GMR comb-like filter. FIG. 9B shows the computed
transmission (T,) spectrum corresponding to the parameters
in FIG. 9A.

FIG. 10. Shows a fabrication process fora GMR comb-like
filter.

FIGS. 11A and 11C shows Atomic Force Microcopy
(AFM) images of the fabricated GMR comb grating and
parameters. FIG. 11B shows a graphical representation of the
profile of the imaged GMR comb grating.
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FIGS. 12A-B show experimental GMR comb-like filter
results. FIG. 12A shows experimental T, results. FIG. 12B
shows computed results using the experimental parameters.
FIG. 13 shows one embodiment of a GMR filter.

DETAILED DESCRIPTION

Various features and advantageous details are explained
more fully with reference to the nonlimiting embodiments
that are illustrated in the accompanying drawings and detailed
in the following description. Descriptions of well-known
starting materials, processing techniques, components, and
equipment are omitted so as not to unnecessarily obscure the
invention in detail. It should be understood, however, that the
detailed description and the specific examples, while indicat-
ing embodiments of the invention, are given by way of illus-
tration only, and not by way of limitation. Various substitu-
tions, modifications, additions, and/or rearrangements within
the spirit and/or scope of the underlying inventive concept
will become apparent to those skilled in the art from this
disclosure.

Comb-type filters based on resonant leaky modes in peri-
odically modulated films are provided by the present disclo-
sure. We present the spectral properties of multiline guided-
mode resonance filters designed with extremely thick
dielectric films. In some embodiments disclosed herein, we
treat a dielectric membrane in air with a subwavelength grat-
ing inscribed into one surface. As the film may be very thick
(relative to the wavelength of the incident light), it may sup-
port a large number of resonant modes. In general, the reso-
nant modes yield a dense reflectance spectrum with an irregu-
lar appearance. By placing an antireflection layer on the
backside of the dielectric slab, the interference between the
directly-transmitted zero order and the diffracted order gen-
erating the waveguide modes may be reduced or eliminated.
Thus, a well-shaped unperturbed comb-like spectrum may be
realized. In one embodiment, a titanium dioxide membrane
that is 500 pum thick generates a spectrum with more than
1000 channels separated by ~0.8 nm near the 1.55 um wave-
length. Reference is made to a number of exemplary illustra-
tive implementations described in detail below.

FIG. 1 shows a guide mode resonant filter 100. The filter
100 includes a film, or dielectric slab, 102 that has a thickness
“d”. FIG. 1 is not drawn to scale. The thickness d is large
compared to the wavelength of operation (i.e. wavelength of
light to be filtered by the filter 100). In some embodiments,
the thickness d may range between about three times the
wavelength of operation to about 1000 times the wavelength
of operation. For example, when used with the C-band of
telecommunications (light having a wavelength of about
1.554 um), the thickness d may be between about 5 um to
about 1.5 millimeters. Preferably, in some embodiments, the
film has a thickness between about 100 um and 500 pm. The
film has a periodic pattern 104 on a first surface. In some
embodiments, the periodic pattern 104 may be inscribed in
the film, while in others the periodic pattern 104 may be part
of'a separate material coupled to the film 102. The period (A)
of the periodic pattern 104 can be, by design, divided into
multiple different parts. For example, in FIG. 1, it is shown
that the period is divided into two parts—the fill (or filling or
ridge) 108 (fraction of period occupied by a particular mate-
rial denoted by FA) and the groove 106. The groove 106 depth
is denoted as d, and is the different between the highest point
of'the fill or ridge 108 and the lowest point of the groove 106.
On the second surface of the film 102 is an antireflective layer
110 which has a thickness denoted by d 4.
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In FIG. 1, there are four different indices of refraction: 1)
n., which is the index of refraction of the medium above the
periodic pattern 104 (cover medium), 2) n, which is the index
of refraction of the film 102, 3) n,, which is the index of
refraction of the antireflective layer 110, and 4) n, which is
the index of refraction of the medium below the antireflective
layer (substrate medium). The dimensions of the periodic
pattern 104, film 102, and the antireflective layer 110, along
with their respective indexes of refraction, affect how the
guided mode resonant filter 100 responds to light.

An incident light wave “I” is directed at the filter 100. The
zero-order reflectance of | is denoted as “R,,,” and the zero-
order transmittance as “T,”. The angle of incidence of light I,
generally denoted as 8, may be set to zero (i.e. normal inci-
dence; this is the case shown in FIG. 1). However, the incident
wave can be directed at the structure at any angle, 6. In
addition, the incident wave can have any polarization: trans-
verse electric (TE), transverse magnetic (TM), random polar-
ization or unpolarized. When the electric field vector is nor-
mal to the plane ofincidence, the polarization is known as TE;
when the magnetic field is thus directed, the polarization is
known as TM. Ifthe period of the structure is smaller than the
incident wavelength, the subwavelength regime prevails;
hence only the zero-order diffraction orders are propagating
and the higher orders will be evanescent. The first-order or
higher-order evanescent diffraction waves generated by the
patterned layers induce resonances by being coupled to leaky
modes. Thus the very thick structures disclosed here contain-
ing waveguide layers and periodic elements can exhibit the
guided-mode resonance (GMR) effect (also called the leaky-
mode resonance effect) under proper phase-matching condi-
tions.

To find the optimal structural parameters of any GMR
element with desired spectral response, one can employ vari-
ous types of mathematical tools such as analysis/simulation
and design/optimization tools. In the case of analysis and
simulation of the proposed structures, one may numerically
solve fundamental electromagnetics equations with the
proper boundary conditions. These numerical results, which
can provide the efficiencies of the diffraction orders and asso-
ciated phases and also quantitative electromagnetic field dis-
tributions, may be obtained by utilizing rigorous coupled-
wave analysis (RCWA) and modal analysis. These methods
also provide computational kernels in the design process
when using inverse numerical design approaches. The filters
disclosed herein have been designed and verified using such
mathematical methods.

Some of the examples below apply inverse methods to fit
the resonance lines onto a prescribed grid of wavelengths. For
this, one may use an evolutionary technique known as particle
swarm optimization (“PSO”). Although there are several
well-known methods for analysis of diffraction gratings,
design of these elements with strictly specified spectral prop-
erties is generally a challenging problem. Here, “spectra”
refer to the wavelength or frequency spectra as well as to
angular spectra. Design and synthesis techniques based on
evolutionary strategies (mainly genetic algorithms) have
found applications in this area. Particle swarm optimization
(PSO) is a robust, stochastic evolutionary strategy that has
been recently utilized in electromagnetic design problems.
This method is inspired from social behavior of animal spe-
cies like birds, bees, and others (“particles™), looking for their
requirements in the search area. The algorithm finds the opti-
mal solution by moving the particles in the search space. PSO
lets every individual within the swarm move from a given
point to a new one with a velocity based on a weighted
combination of the individual’s current velocity, best position
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ever found by that individual, and the group’s best position.
Associated with this method is an algorithm referred to as
standard, real-coded PSO, which was used to develop the
filters disclosed herein.

Thus, in accordance with a preferred aspect of the present
disclosure, with certain material systems currently available,
one may design comb-like GMR filters with desired lin-
ewidths, sideband levels, and individual spectral positions.
One may also find the proper structural parameters for fabri-
cation of these devices such as demonstrated by the following
examples.

For clarity and expediency, the following examples are
limited to normal incidence (that is 6=0 relative the device
normal) and transverse-electric (TE) polarization. However,
other angles of incidence and other polarizations may be used
with the filters disclosed herein. Furthermore, in these
examples, the refractive index of the film 102 is n=2.5, which
corresponds to the refractive index of titanium dioxide. In
general, all the parameters of the device may be modified
based on availability of materials and fabrication resources.

The m™ diffraction order indicated in FIG. 1 propagating at
angle 0,, excites a leaky waveguide mode at a particular
wavelength. Under variation of the wavelength, the allowed
modes will be sequentially excited with a guided-mode reso-
nance arising for each mode. The mode angle satisfies sin
0,=mA/An with A being the free-space wavelength, A the
period, and n the refractive index of the waveguide. Initially,
we choose the device parameters such that m=+1 are the only
diffraction orders existing in the waveguide.

FIG. 2 shows a graph 200 of the zero-order reflectance R,
202 and transmittance T, 204 of a 100-um-thick dielectric
membrane in air in the C-band of the telecommunications
spectrum. Whereas multiple high-efficiency reflectance
peaks appear in the spectrum, they have irregular shapes. The
design parameters are, in this example, as follows: d =500
nm, d=100 pm, d =0, n=2.5 n=1.00, n,=1.00; grating
period A=800 nm; fill factor F=0.5.

Placing a quarter-wave antireflection (AR) layer 110 cen-
tered at A=1.55 pum on the device as shown in FIG. 1 elimi-
nates interference from the directly-transmitted wave and
renders a well-shaped reflectance spectrum 300 as shown in
FIG. 3. The full-width at half-maximum (FWHM) of each
resonance peak 302 is ~0.4 nm. For the parameters used to
create FIG. 3, the diffraction angle of the first diffraction
order is 0,=50.8° at A=1.55 um. The critical angle at the n/n
refractive-index interface is 39.23°; hence total internal
reflection (TIR) occurs at that interface. The calculated
reflectance spectrum 300, in this example, pertains to the case
with an added quarter-wave AR layer with d , =245 nm and
n,=1.581. Other device parameters are the same as those
disclosed in connection with FIG. 2. The computations used
to create the spectra of FIGS. 2-3 were performed using
rigorous coupled-wave analysis (RCWA).

By varying the device parameters, the sidebands can be
lowered. For example, changing the period to A=1050 nm
yields the spectra 400 shown in FIG. 4 with sidebands 402 at
zero. Since the critical period for TIR to take place at the
n/n,, interface is A=/n ;=980 nm at A=1.55 um, TIR now
occurs at the n,z/n, interface. Here, the term “critical period”
refers to the largest value of the period for which TIR occurs
at the interface between the space with refractive index n and
that with index n . Thus, with light entering the AR layer,
there is a reflection from both the n/n,, interface and the
n,/n; interface. Interference between these reflected fields
acts to modulate the spectra and can thereby affect the side-
band levels. The device parameters used to create the spectra
400 are the same as those for FIG. 3 but with A=1050 nm.
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As the spectral density of the GMR peaks is controlled by
the thickness d in large measure, one may compute the spec-
trum for a larger value. Letting d=500 um, for example, places
~26 resonance peaks 502 in the 1.54-1.56 um spectral band as
shown in FIG. 5A. Each resonance peak has FWHM spectral
width of ~0.2 nm and channel spacing of ~0.8 nm. Using the
approximate formula for the number of modes (“M”) sup-
ported by a homogeneous dielectric waveguide M~(2d/A)
(n*-n_)""?, we find M~1480 for this case. The parameters for
the device of FIG. 5A are the same as those for FIG. 4 but with
d=500 um. Hence, most of the resonance peaks arise outside
the narrow spectral range chosen for FIG. 5A while retaining
similar spectral characteristics. For lossy media, the reso-
nance reflectance will be reduced in proportion to the imagi-
nary part of the refractive index.

A comparable Fabry-Perot (FP) slab resonator has a spec-
tral density of the same order of magnitude. An FP resonator
has T,=1 guaranteed at frequencies v,=qc/2nd where q is an
integer and c is the speed of light in vacuum. For d=500 pm,
n=2.5, there are 21 transmission peaks 506 in the 1.54-1.56
um spectral range but with sidebands 508 at the ~50% level as
shown in the graph 504 of FIG. 5B.

To aid in the design and understanding of these devices,
one may consider the effects of admitting additional diffrac-
tion orders into the structure. For example, for A=2?A/n, the
m==+2 orders exist in the device in addition to the m==1
orders. In contrast to the results in FIGS. 3-5, the resonant
modes excited by these orders do not exist in harmony and
their interference causes somewhat chaotic spectral signa-
tures 600 as shown in FIG. 6. The mode angles for these two
diffraction orders at A=1.55 um for this period are 6,~30° and
0,~83°. The parameters are the same as in FIG. 3 but with
A=1250 nm, thus admitting the m==2 diffraction orders.

The additional examples presented below disclose addi-
tional embodiments that provide particular spectral
responses. These spectral responses were modeled with the
computational methods described above.

Example 1

This example emphasizes telecommunications filtering
applications. A subset of the C-band with 100 GHz channel
spacing fits a comb spectrum with 10 resonance wavelengths
matching the ITU grid, namely this set: 1553.33, 1552.52,
1551.72, 1550.92, 1550.12, 1549.32, 1548.51, 1547.72,
1546.92, 1546.12, all in nm. This design was modeled using
the PSO design algorithm. FIG. 7A illustrates a resulting
dielectric structure with design parameters (using the same
dimension references used in connection with FIG. 1):
d,=274 nm, d=354.9 um, d =274 nm, n=2.00, n~1.00,
n.=1.00; n ,=1.414, grating period A=880 nm; fill factor
F=0.6649.

FIG. 7B shows a corresponding GMR comb-like reflec-
tance spectrum 712 of the filter described in connection with
FIG. 7A. ITU wavelengths are denoted by vertical dashed
lines 716, which are fitted by the reflectance peaks 714.
Again, this is a dielectric membrane in air with an AR layer
fashioned with typical dielectric media.

Example 2

FIGS. 8A-B provide an example of a comb-like filter 800
using different parameters. In this example, the design param-
eters are: d,=207.8 nm, d=357.5 um, d ,,=207.8 nm, n=3.48,
n.=1.00, n,=1.00; n,,=1.865, grating period A=797.7 nm;
and fill factor F=0.3572. The film 802 is made of a semicon-
ductor (Si).
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8
FIG. 8B shows the GMR comb-like reflectance spectrum
812 for the device shown in FIG. 8A. The ITU wavelengths
are denoted by dashed vertical lines 816 and the reflectance of
the filter 800 are denoted by the waveform 814.

Example 3

FIGS. 9A-B provide an example of a comb-like filter 900
using different parameters. In this example, the design param-
eters are: d,=208 nm, d=400 pm, d ;=208 nm, n=3.48 (sili-
con), n,=1.00, n,=1.00; grating period A=800 nm; and fill
factor F=0.223. The film 902 is made of'a semiconductor (Si).

FIG. 9B provides the computed transmission (T,) spec-
trum 912 corresponding to the design described in connection
with FIG. 9A. The transmission spectrum includes peaks 914
in a comb-like fashion.

The flow chart diagrams that follows is generally set forth
as logical flow chart diagram. As such, the depicted order and
labeled steps are indicative of one embodiment of the pre-
sented method. Other steps and methods may be conceived
that are equivalent in function, logic, or effect to one or more
steps, or portions thereof, of the illustrated method. Addition-
ally, the format and symbols employed are provided to
explain the logical steps of the method and are understood not
to limit the scope of the method. Although various arrow
types and line types may be employed in the flow chart
diagrams, they are understood not to limit the scope of the
corresponding method. Indeed, some arrows or other connec-
tors may be used to indicate only the logical flow of the
method. For instance, an arrow may indicate a waiting or
monitoring period of unspecified duration between enumer-
ated steps of the depicted method. Additionally, the order in
which a particular method occurs may or may not strictly
adhere to the order of the corresponding steps shown.

All of the methods disclosed and claimed herein can be
made and executed without undue experimentation in light of
the present disclosure. While the apparatus and methods of
this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that
variations may be applied to the methods and in the steps or in
the sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention.
In addition, modifications may be made to the disclosed appa-
ratus and components may be eliminated or substituted for
the components described herein where the same or similar
results would be achieved. For example, in some embodi-
ments, silicon is used for the film while in others titanium
oxide is used. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within the
spirit, scope, and concept of the invention as defined by the
appended claims.

FIG. 10 shows the results of a method 1000 that may be
used in the fabrication process of the disclosed filters. In this
example the first step 1002 begins with a silicon wafer 1003.
However, in some embodiments, other materials may be used
to create the film of the GMR filter. In step 1004 an antire-
flective layer 1005 is deposited or formed on the silicon. In
step 1006, the wafer is turned upside down and a masking
material 1007 is deposited on the silicon. At step 1008, the
deposited masking material 1007 may be formed (e.g. using
photolithography or holographic interferometry). At step
1010 the silicon 1003 may be etched, which leaves a periodic
pattern in the silicon. At step 1012, the masking material
(1007 in step 1010) may be removed, leaving the GMR filter.

FIGS. 11A-C show the verification and inspection of a
fabricated GMR comb grating via Atomic Force Microcopy
(AFM). FIG. 11A shows a top view 1100 of the grating
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having grooves 1102 and ridges 1104. The graph 1118 in F1G.
11B shows the height profile of the grating in FIG. 11B. For
fexample the point 1110 in FIG. 11A corresponds to the point
1111 in FIG. 11B. Point 1114 in FIG. 11A corresponds to the
high point in the fill and point 1115 in FIG. 11B. Points 1116
and 1118 in FIG. 11A (and corresponding points 1117 and
1119, respectively, in FIG. 11B) show the square profile of the
fills. Almost the entire length of a fill 1104 is above 280 nm on
the relative scale in FIG. 11B. Finally point 1120 in FIG. 11A
(and point 1121 in FIG. 11B) shows the square profile of the
grooves 1102. Almost the entire groove is below the 120 nm
mark on the relative scale in FIG. 11B. From this AFM data of
this example, the grating period is found to be 802.8 nm, the
fill factor is 0.258 and the depth of the grating (or height of the
ridges) is 209 nm.

FIG. 11C shows a picture 1122 of a grating having grooves
126 and fills 1128 that make up a periodic layer 1124.

FIG. 12A shows the measured experimental T, spectrum in
the 1544-1556 nm wavelength band for the GMR comb-like
filter modeled in FIG. 9A and whose fabricated grating is
shown in FIG. 11A. FIG. 12B shows computed results using
the experimental parameters in the simulation. There is good
qualitative agreement in spectral density and linewidths of the
individual resonance lines 1202 in FIG. 12A and 1206 in FIG.
12B. The major reason for the difference between theoretical
and experimental results is due to an AR layer thickness that
is too large in this specific implementation.

Applications

The spectral properties of thick GMR comb-like filters
presented herein may have utility in practical applications.
Well-shaped, regular zero-order reflectance spectra with rea-
sonable linewidths and sideband levels can be achieved. Mul-
tichannel band-stop filters are used in optical communica-
tions for multiplexing and demultiplexing functions. In such
applications, the sideband levels and associated degree of
channel isolation are important considerations. Simulations
show that the comb-like spectra generated by the thick filters
presented herein can be fitted to the International Telecom-
munication Union (ITU) grid (e.g. 10 channels or more). One
approach to this task is to specify the [TU wavelength set to be
used and apply inverse numerical methods to find experimen-
tally realizable structures within a constrained parametric
space as discussed herein. A commonly-used design algo-
rithm is based on particle swarm optimization. Hence, it is
possible to filter out certain telecommunication channels
while allowing others to pass. Another possible use is the
sampling of frequency comb spectra. Such frequency combs
can be generated, for example, by mode-locked femtosecond
lasers or by certain microresonator designs including ring
resonators. The disclosed comb-like filters may be applicable
to filter out, or select, a subset of frequency comb lines.

Fabrication

Leaky-mode resonance elements can be fabricated using a
variety of methods and materials. New methods in fabrication
are not needed to fabricate the devices subject to this disclo-
sure. Device patterning can be conducted with conventional
photolithography, nanoimprint lithography, electron-beam
lithography, and laser holographic interference lithography.
Standard etching and thin-film deposition processes are
applicable in the fabrication steps. Etching and pattern trans-
fer can be performed using reactive-ion etching (RIE), such as
for shallow gratings, and DRIE, for deep gratings. Inspection
by scanning electron microscopy (SEM) and AFM can be
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used for assessment of the processed devices. Optical spectral
characterization can be done with tunable lasers, wide-band
supercontinuum sources, and matched spectrum analyzers.
Fast pulse lasers, wide-bandwidth oscilloscopes, and sensi-
tive detectors can be applicable for testing the devices. The
fabrication process of the example experimental GMR comb-
like filter provided in this disclosure is shown in FIG. 10 with
pertinent AFM inspection results shown in FIG. 11.

What is claimed is:

1. A guided-mode resonance (GMR) filter comprising:

a film having a first surface and a second surface opposite

to the first surface;

a periodic pattern on the first surface of the film having a

period;

the film having a thickness that is at least five times larger

than the size of the period; and

an antireflection layer on the second surface of the film;

where the guided-mode resonance filter exhibits multiple

ordered spectral resonance peaks.

2. The GMR filter of claim 1, where the wavelength of
operation is in the telecommunications C band.

3. The GMR filter of claim 1, where the thickness is
between about 5 um and 1500 pm.

4. The GMR filter of claim 1, where the thickness is
between about 100 um and 500 um.

5. The GMR filter of claim 1, where the periodic patternhas
aperiod sufficiently small such that diffraction orders outside
the device are cut off.

6. The GMR filter of claim 1, where the filter is configured
to reflect light as a comb-like filter.

7. The GMR filter of claim 6, where the comb-like filter is
configured to be fitted to an ITU grid.

8. The GMR filter of claim 1, where the periodic pattern is
in an antireflective layer coupled to the film.

9. The GMR filter of claim 1, where the periodic pattern is
inscribed in the film.

10. The GMR filter of claim 1, further comprising a second
periodic layer on the second surface of the film.

11. The GMR filter of claim 10, where the periodic pattern
is orthogonal to the second periodic layer.

12. The GMR filter of claim 1, where the periodic pattern
exhibits one-dimensional periodicity.

13. The GMR filter of claim 1, where the periodic pattern
exhibits two-dimensional periodicity.

14. The GMR filter of claim 1 where said periodic layer has
profiles selected from a group consisting of a binary profile,
rectangular profile, trapezoidal profile, sinusoidal profile, tri-
angular profile, and combinations thereof.

15. The GMR filter of claim 1, where the film comprises a
dielectric.

16. The GMR filter of claim 1, where the film comprises a
semiconductor.

17. A method for filtering light comprising:

receiving, ata first surface of a guided-mode resonant filter,

incident light; and

causing the incident light to be filtered in a periodic comb-

like fashion;

where the guided-mode resonant filter comprises:

a film having a first surface and a second surface oppo-
site to the first surface;

a periodic pattern on the first surface of the film having
a period;

the film having a thickness that is at least five times
larger than the size of the period; and

an antireflection layer on the second surface of the film;

where the guided-mode resonance filter exhibits multiple
ordered spectral resonance peaks.
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18. The method of claim 17, where the periodic pattern has
aperiod sufficiently small such that diffraction orders outside
the device are cut off.

19. The method of claim 17, where the guided mode reso-
nant filter is configured to be fitted to an ITU grid. 5
20. A method for making a guided mode resonant filter,

comprising:

providing a film having a first surface and a second surface

opposite to the first surface;
disposing a periodic pattern having a period on the first 10
surface of the film, where the film has a thickness that is
at least five times larger than the size of the period; and

disposing an antireflection layer on the second surface of
the film;

where the guided-mode resonance filter exhibits multiple 15

ordered spectral resonance peaks.
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